A new 'spectroscopic' potential energy surface (PES) for 14 NH 3 has been generated by refinement of a high accuracy ab initio PES to experimental data. 
Introduction
Ammonia (NH 3 ) spectra are of both fundamental interest and of practical importance. Ammonia is the classic example of a system undergoing tunneling which remains a subject of ongoing studies [1] . Ammonia production has more than doubled during the period of industrialisation [2] and is probably the most abundant manmade gas in the world. Ammonia is emitted from livestock, fertilizers and fuel burning, and contributes to acid decomposition and eutrophication which may harm natural ecosystems [3] . Additionally there is mounting evidence indicating ammonia is critical in the formation of secondary aerosols, which have a harmful impact on human health [3] .
For these reasons NH 3 atmospheric emissions must be closely monitored by in situ detectors, which rely on accurate knowledge of line positions, intensities, temperature dependence, pressure broadening etc. Some of this information is provided by spectroscopic databases [4, 5] , but there are large gaps in the coverage. Al Derzi et al. [6] give a comprehensive review of high resolution spectroscopic data recorded and analysed up to 2014. Spectroscopic data is particularly missing in the near infrared, including the so-called telecoms region at 1.3 and 1.5 μm, which provides a * Corresponding author.
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good window for monitoring ammonia concentrations because of the reduced interference from water vapour and the availability of cheap diodes in this region [7] [8] [9] .
So far the main provider of information of the near infrared spectrum of ammonia has been theoretical line lists computed with variational nuclear motion programs [10] [11] [12] [13] . In this context the important line lists are BYTe [11] and HSL-pre3 [14, 15] . BYTe is a variationally computed line list for 14 NH 3 covering transitions from 0 to 12 0 0 0 cm −1 and temperatures up to 1500 K. The 'spectroscopic' potential energy surface (PES), named NH3-Y2010 [16] , used to construct BYTe was produced by empirical refinement of a high quality ab initio surface to experimental data. The resulting accuracy varies, but is typically sub-wavenumber for energies under 60 0 0 cm −1 , and as much as several wavenumbers thereafter. HSL-pre3 [14] , the successor to HSL-2 [12] , provides a more accurate list of rovibrational energies and transition frequencies. However, no intensities or complete vibrational labels are included, making it unsuitable for assignment in many cases. Finally, it is worth mentioning the recent high accuracy ab initio PES of Polyansky et al. [17] . The accuracy of their calculated band centres pushes the boundaries of what is achievable purely ab initio . However, their reported accuracy for energies up to 18 0 0 0 cm −1 can be reached only using a very large rotation-vibration basis set that becomes computationally unmanageable for J 0 calculations. Alongside these advancements in theory over the past 10 years, have come the first serious attempts at wide-scale characterisation of NH 3 above 50 0 0 cm −1 . Several notable works in the 1.5 μm region being those of Xu, Lees and co-workers [18] [19] [20] , and Sung et al. [14] . In just the past 3 years there has been considerable progress above 70 0 0 cm −1 , largely due to the discovery, and subsequent analysis of the 1980 high resolution Kitt Peak spectrum by Barton et al. [21, 22] and Zobov et al. [23] . In particular, Barton et al. assigned over 30 0 0 transitions spanning 27 vibrational bands in the 740 0-990 0 cm −1 range employing a method using BYTe, combination differences and the method of branches [24] . Their line lists and quantum assignments were included in the HITRAN 2016 database. Even so, many strong lines remain unassigned due to the inaccuracy of BYTe line positions, and so more accurate variational calculations are highly desirable. Barton et al. [22] also made partial assignments of the strong bands lying in the 90 0 0-940 0 and 990 0-10 30 0 cm −1 regions. More recently, Zobov et al. [23] used the ab initio PES of Polyansky et al. in conjunction with the rovibrational calculations presented here to analyse red and green visible spectra recorded at Kitt Peak in the 15 500 and 18 000 cm −1 regions. They assigned transitions within the 5 and 6 quanta N-H stretching overtones in these spectra as well as transitions observed in the 1980s by Coy and Lehmann [25] [26] [27] .
In this paper we present a new spectroscopic PES and room temperature line list calculations to aid analysis of the rapidly growing experimental dataset of ammonia; we use these results to re-analyse some of the spectra of NH 3 available in the literature. Section 2 outlines our refinement procedure, including the general methodology and computational details (2.1) , experimental data included in the refinement (2.2) and our final refined parameters (2.3) . Section 3 presents our results, including structural constants of our PES (3.1) , a comparison of our calculated rovibrational energies to high accuracy experimental values (3.2) , intensity calculations (3.3) , and new assignments (3.4) . In Section 4 we conclude.
Potential energy surface refinement

Computational details
Our general strategy is based on the one used to construct the NH3-Y2010 PES [16] ; in this work the refinement is represented by a correction potential V which is added to the starting PES. Our starting point PES was the high accuracy ab initio surface of Polyansky et al. [17] . In their nuclear motion calculations Polyansky et al. employed a version of TROVE specifically adapted to use curvilinear coordinates [28] in conjunction with a large basis set constrained by a maximum polyad ( P max ) of 40. The polyad number in general represents our total vibrational quanta in terms of the lowest energy harmonics, and in the case of NH 3 is defined as
where n i are local mode quantum numbers representing the stretch ( i = 1 , 2 , 3 ), degenerate bend ( i = 4 , 5 ) and inversion ( i = 6 ) of the primitive basis set functions as constructed and used by TROVE. The stretching and inversion basis functions are generated using the Numerov-Cooley approach [29] [30] [31] , while for the asymmetric bending modes harmonic oscillators are used. This basis set is processed through a two-step contraction-symmetrisation technique [32] . The final, contracted vibrational ( J = 0 ) basis set used in the refinement comprised all eigenfunctions of the J = 0 Hamiltonian which correspond to the energies below hc · 20 0 0 0 cm −1 . The rotational basis functions are symmetrized combinations of spherical harmonics as described previously [33] .
Owing to the computer resources available to us we were limited to using P max = 34 , therefore all rovibrational calculations reported in this work were performed using a P max = 34 basis set. The most computationally expensive step necessary for the refinement procedure is the generation and symmetrisation of the Hamiltonian matrix elements of each term in the correction potential. This is required in order to calculate the HellmannFeynman derivatives that constitute the Jacobian matrix necessary for the least-squares fitting, and is the primary factor that limits our basis set size. At P max = 34 this process requires 54 Gb of RAM per correctional term. Ideally, we would pick a value of P max such that our vibrational eigenfunctions are converged for at least all energies up to the highest value included in the refinement. However, our convergence testing indicates a P max of 34 provides eigenvalues converged to < 0.1 cm −1 only up to about 80 0 0 cm −1 , compared to the highest experimental energy included in the refinement being ∼ 18 0 0 0 cm −1 . In this case the error due to using an incomplete basis set is absorbed into the refined potential.
TROVE employs a Taylor-type expansion of the kinetic energy operator and a re-expansion of the potential function in terms of linearized coordinates, which we take to 6th and 8th order respectively. The effect of this has been documented in the past [17] , and is typically less than 0.1 cm −1 for energies under 10 0 0 0 cm −1 . All of the aforementioned choices contribute somewhat to the reproducibility of our results using other nuclear motion programs, meaning our results at higher energies are only reproducible using TROVE with a specific set of model input parameters. Nevertheless, with a converged basis set we expect the only source of variation between programs to be our expansion of the Hamiltonian.
At lower energies we tested the reproducibility of our results by comparing TROVE calculations with ones performed using the nuclear motion program GENIUSH [34] , which uses an exact kinetic energy operator and a discrete variable representation (DVR). Comparisons of the 16 lowest lying vibrational term values calculated using TROVE and GENIUSH and our refined potential in absence of the Born-Oppenheimer diagonal correction (BODC) show small discrepancies no greater than 0.281 cm −1 . We attribute this to ( i ) our truncation of the kinetic energy operator expansion after 6th order; and ( ii ) our re-expansion of the potential in terms of linearised coordinates.
Experimental data and weights included in the refinement
The complete list of experimental energies used in the refinement is included in the supplementary material. Our primary source of experimental data was the MARVEL (measured active rotation-vibration energy levels) [35] study of ammonia by Al Derzi et al. [6] , which contains the most accurate and most complete list of experimentally-derived energies available for NH 3 . From this source we initially included 543 carefully selected states ranging from 0 -7254 cm −1 with J ≤ 8. Because the quality of the refinement depends crucially on the accuracy of the experimental data, we assessed the reliability of each MARVEL state prior to the refinement based on the number of transitions it was involved in, and whether it followed the expected J − K dependence within the vibrational band. During the refinement, any states that did not behave similarly to the rest of the band were removed, as they tended to degrade the quality of the refinement. In total we identified 81 MARVEL states with J ≤ 15 for which no suitable partner could be found in our calculated energies list, and a further 80 that displayed uncomfortably large residuals of between 0.5 and 4.0 cm −1 . There has been a recent update of the 14 NH 3 MARVEL energy levels [36] which used energy levels computed from intermediate version of our refined PES, in conjunction with the BYTe and HSL-pre3 energies lists to validate states below 7555 cm −1 . As a result of this work, these discrepancies have been largely resolved and we were able to include an additional 94 energies from this updated MARVEL dataset in our fits.
Between 7555 cm −1 and 11 0 0 0 cm −1 the only existing experimental assignments are those of Barton et al. [21, 22] . Due to the complexity of spectra in this region only some of their assignments could be confirmed by ground state combination differences (GSCDs), and in this case there is always the possibility of misassignment. Even if a GSCD partner is found, such dense spectra will contain false positives that fall within the tolerance ranges of the assignment. This is especially true if the line positions and intensities of the ab initio calculations are of dubious accuracy, and the particular GSCD partner is a medium strength or weak line. We therefore decided to take a cautious approach, preferring to use only 34 energies from the ν 2 + 2 ν 3 band of Barton et al. [21] , which we found to be reliable, and perform our own tentative assignments using the ab initio PES of Polyansky et al. [17] and intermediate versions of the refinement. This provided 105 additional energies ranging from 7584 to 10512 cm −1 , although most of these levels were derived from only one experimental transition via a visual comparison between line lists.
It is well known that the inclusion of J > 0 states in the refinement is necessary to optimise the equilibrium geometry [37] , and it is preferable for each J to contain K sublevels ranging from 0 − J to constrain both the B e and C e oblate top rotational constants. We included states with J = 0 − 4 , 6 , 8 in the refinement, however, to save on computational costs only A 2 and A 2 were used for J > 3. Enough experimental data fell within these criteria to provide sampling of all important normal mode directions along our PES. Several high energy band centers at 12 0 0 0, 15 0 0 0 and 18 0 0 0 cm −1 were also included from the early work of Coy and Lehmann [27] which, at the time of performing our calculations, were the only assigned spectra above 12 0 0 0 cm −1 available in the literature. We also note the unassigned 5 ν 1 absorption bands of NH 3 by Giver et al. [38] .
As high energy data is scarce it is possible for the refined PES to assume unphysical shapes far from equilibrium. We therefore constrained the refinement to the original, low-weighted ab initio points following the simultaneous fit approach by Yurchenko et al. [39] , with the motivation that our refined surface not deviate substantially from the ab initio surface. Initially these consisted of the same 20 0 0 0 points between 0 and 20 0 0 0 cm −1 that were used to fit the ab initio PES [17] , but we had problems with holes and double minima appearing above 20 0 0 0 cm −1 but below dissociation at 40 0 0 0 cm −1 . To prevent this, a further 13 0 0 0 points were generated between 20 0 0 0 and 50 0 0 0 cm −1 using the ab initio PES, and included in the refinement. The energy-dependent scheme of Ref. [17] was used to allocate weights below dissociation, and a constant value of 0.0 0 065 was used above. All ab initio point weights were then multiplied by a constant factor that started at 1 × 10 −4 and was gradually decreased to 1 × 10 −7 as the refinement progressed.
We used the weighting scheme w i ∼ 1 /σ 2 i for all MARVEL states, where σ i is the standard error of the i th energy level, as this information is provided in the MARVEL database. This is known to be the optimum weighting structure for a general least-squares fit. For states derived from the Kitt Peak spectrum, weights were distributed uniformly, with a slight energy dependence to reduce the importance of very high energy states. On the last five iterations of the Newton-Gauss algorithm, once improvements with each iteration began to stagnate, the weights were changed so that each energy E J , had a weight of J , and J = 0 had a weight of 1. This served to improve the fit for those bands containing fewer, or less accurately known, experimental energies. The robust weighting method by Watson [40] was used to adjust the fitting weights on-the-fly.
Refined parameters
We call our refined potential NH3-C2018. Refined potential parameters are included as supplementary material in the form of a Fortran subroutine. The refined potential is represented as a sixth order polynomial as described by Polyansky et al. [17] , where the refined parameters f
are the expansion coefficients of Morsetype stretching ( i = 1 , 2 , 3 ) and symmetrised bending ( i = 4 , 5 ) coordinates. We could usefully vary 176 parameters up to fifth order in the refinement, excluding the Born-Oppenheimer diagonal correction term due to Polyansky et al. [17] which we kept fixed. Variation of linear terms allowed us to simulate the effects of optimising the equilibrium geometry without resorting to a separate Newton-Gauss style procedure, which cannot be performed concurrently with the PES refinement, and severely changes the vibrational structure.
Refined parameters higher than second order generally differed quite substantially from their starting value. However, the harmonic terms remained consistent, with the zero-order-inversion stretching and bending terms ( f showed larger changes of 10.7% and 2.3%, and harmonic terms that were first order in the inversion coordinate f
(1) 12 and f (1) 14 changed by 17%, 21%, 11% and 2% respectively. This level of change in the low-order parameters is acceptable, and the apparent instability of higher-order parameters is not too worrying; in truth there are a large number of possible combinations that can produce similarly shaped potentials. Most importantly, the energy difference between the refined and ab initio PESs is always less than 10% that of the ab initio PES above its zero-point energy (ZPE) for grid points under 50 0 0 0 cm −1 . This was confirmed by evaluating both PESs on a random grid of 50 0 0 0 points with borders at 0.6 ≤ r 1 ≤ r 2 ≤ r 3 ≤ 1.58 Å and 30 °≤ α 1 ≤ α 2 ≤ α 3 ≤ 140 °. Further reassurance that our PES does not suffer from any unphysical deformities is provided by the GENIUSH [34] calculations given in Section 2.1 , for which a large grid of one million points was used. By nature of the DVR approach, any deep holes that exist within the grid borders are manifested in the zero point energy, which was seen to take unreasonable values if holes were present.
Results and discussion
Equilibrium structure and rotational energies
The various structural parameters of our PES NH3-C2018 are given in Table 1 , along with other theoretically predicted and experimentally derived values. Our equilibrium structure is very similar to that predicted by the NH3-Y2010 and HSL-2 PESs, with our bond angle, α eq , slightly larger than both, and our bond length, r eq , roughly half way between the two. Pure rotational energies are highly sensitive to changes in equilibrium geometry, and so accurate rotational energies are therefore indicative of an accurate equilibrium geometry. Table 2 compares our rotational energies to those of MARVEL for states up to J = 30 . For J = 0 − 10 our predictions show excellent agreement with the empirical values. The small differences of order 0.001 cm −1 are likely to be inside the values which are determined due to beyond Born-Oppenheimer (BO) effects. As J increases, the agreement deteriorates, and beyond J = 20 significant discrepancies appear. These are as much as several wavenumbers for J = 30 states with large K values, and as K decreases the agreement rapidly improves. Intuitively this can be explained by the centrifugal force flattening and stretching the molecule, which will Table 2 Accuracy of calculated rotational energy levels up to J = 30 when compared to the empirical MARVEL energies [6] . σ rms refers to the root-mean-square deviation and refers to the E MARV −E calc energy differences of K = J and K = 0 states. Units are cm be more distorting for rotation about the primary axis. Both the inversion and stretching potentials therefore strongly couple to the equilibrium geometry at high rotational excitation. Almost identical systematic deviations exist with the BYTe line list, for which the J = 30 rotational energies differ from our calculations by at most 0.1 cm −1 . This may suggest both PESs share a similar systematic offset in the inversion potential at high energies.
One solution would be to include higher order ν 2 overtones in the refinement, however, in order to sample the same energetic region as a (J, K ) = (30 , 0) rotational state ( ∼ 8600 cm −1 ) we would require empirical energies from the 9 ν 2 and 10 ν 2 bands. Alternatively we may include very high J states in the refinement, which is extremely computationally demanding using the current procedure. For example, simply saving the necessary Jacobian matrices for a J = 30 , A 2 block would require 10s of Tb of disk space, which is far beyond our current computational resources.
Rovibrational calculations
Rovibrational energy level calculations were performed up to J = 20 using the NH3-C2018 PES in conjunction with the variational nuclear motion program TROVE [29] , with its specific application to XY 3 -type molecules given by Yurchenko et al. [33] . Basis set and Taylor series truncations were the same as discussed in Section 2.1 although this time we removed the energy cut-off in our vibrational basis set. The result is a huge increase in computational demand, but we found it necessary in order to converge all rotationally excited states belonging to the stretching overtones at 18 0 0 0 cm −1 . Our complete list of energies extends to 23 0 0 0 cm −1 , and is included in the supplementary material along with associated quantum labels ( ν 1 
rot , tot ) and partnered MARVEL levels where available.
To assess the accuracy of our energies list we first compare with MARVEL energies under 7555 cm −1 . Beyond this, MARVEL data is solely derived from the works of Barton et al. [21] , which we will discuss separately in Section 3.4 . Fig. 1 displays E MARV −E calc energy residuals for J ≤ 10 states under 6300 cm −1 with BYTe residuals (E MARV −E BYTe ) included for comparison. Table 3 provides the associated root-mean-square (rms) deviation statistics as a function of J and MARVEL vibrational label. Overall agreement is excellent, with our rms values σ rms generally staying below 0.1 cm −1 except in a few cases which will be discussed below. Unlike BYTe, we do not utilise the empirical basis set correction (EBSC) [10] , whereby the calculated vibrational band centres are replaced by their experimental counterparts. Despite this, all our vibrational term values below 6300 cm −1 fall within 0.01-0.04 cm −1 of the MARVEL empirical values. Similar accuracy is expected for the remaining band origins for which only J > 0 MARVEL data exists, with the only likely exception being the (ν 2 + 2 ν 2 4 ) s band for which data were extremely limited. Whilst no experimentally derived band center could be found in the literature, we judge from our J = 1 comparisons that our predicted band center is roughly 0.1 cm −1 larger than the true value.
A relatively smooth increase in energy residuals with J is observed for most vibrational bands, and despite excluding states above J = 8 from the refinement the J = 9 , 10 residuals behave in the same systematic way as those for J = 0 − 8 . This speaks for the predictive power of the refinement, and reassures us that our calculations can safely be extended to higher rotational excitations.
Larger increases in residuals are observed for the 2 ν 2 + ν 3 band, for which data only became available in the final stages of the refinement, and the ( ν 1 ) s band, for which the J = 10 rms error of 0.106 cm −1 (see Table 3 ) is still at least five times smaller than our predecessor BYTe. Note that below 6300 cm −1 there is little difference in rms errors between MARVEL states derived from 1 or 2 transitions and those derived from 3 or more. However, given the accuracy of our J = 0 − 10 calculations for the 2 ν 0 4 and 2 ν 2 4 bands it is possible that the MARVEL J = 12 energies, derived from only one transition, may not be correct.
Further suspicious energies are those belonging to the 2 ν 2 + ν 4 , 2 ν 2 + 2 ν 4 and 2 ν 2 + 3 ν 4 bands. Inclusion of these bands in the refinement severely damaged the quality of surrounding energies, and so they were omitted. Comparing our predictions for the 2 ν 2 + ν 4 with HSL-pre3 we find slightly better agreement, and for the 14 J = 0 − 8 states present in MARVEL the rms deviation between NH3-C2018 and HSL-pre3 is only 0.272 cm −1 . Considering the general lack of experimental data assigned to these bands, it remains unclear whether this is a problem of theory or experiment.
Above 6300 cm −1 we noticed several labelling conflicts between our own calculations and those of HSL-pre3 and MARVEL (see Table 4 ) associated with the ν 1 + ν 3 , ν 3 + 2 ν 2 4 and ν 3 + 2 ν 0 4 bands. For this reason we simply use the MARVEL labels for our comparisons in Fig. 2 and Table 3 , and provide our own vibrational labels and band origins separately in Table 4 . To avoid duplication of the ν 1 + ν 3 band center in our energies list, we suggest using the labels (ν 3 + 2 ν 0 4 ) s/a for the 6608 and 6609 cm −1 vibrational term values so that our labelling scheme is identical to found in HSLpre3. Sung et al. [44] also suggest a unique list of labels based 
. N states refers to the number of paired states included in the comparison. The value before the / refers to all MARVEL states, and the value after the / refers to those states derived from 3 or more transitions. Vibrational labels are taken from MARVEL.
Band
Band center . Such large deviations would not be surprising considering no data from this band was sampled in the refinement. There are likely also to be issues with perturbations due to resonance interactions between vibrational states which have not been correctly represented in our PES; see the recent work on this by Mizus et al. [45] .
Finally, we should mention that four MARVEL energies were not included in the above comparisons due to suspiciously large deviations from our calculations. The MARVEL state at 6788.1366 cm −1 , assigned to the (ν 3 + 2 ν 0 4 ) a band, was removed from the rms statistics in Table 3 for reasons discussed above, but included in Fig. 2 . States at 4 4 46.5460, 5162.4116 and 5172.9416 cm −1 , derived from 3, 6 and 8 transitions respectively, were also removed from all comparisons due to large residuals which we cannot explain.
Intensity simulations
To simulate absolute absorption intensities we use the expression [46] as implemented in the ExoCross program [47] 
where int and int are the upper and lower state wavefunctions respectively, that correspond to energies E and E . ν if is the transition wavenumber, T is the temperature, Q ( T ) is the total internal partition function and μ A is the electronically averaged component of the molecular dipole moment along the A = X, Y, Z axis. The two requirements, therefore, for accurate line intensities are high quality wavefunctions and a high quality DMS. Our intensity calculations employ the well-established dipole moment surface (DMS) of Yurchenko et al. [48] (denoted DMS-B), which was used in the construction of the BYTe line list. We also use this opportunity to report preliminary results for a new surface currently under construction (denoted DMS-1). For this DMS, dipole moment components μ A were calculated using the finite field procedure with an external field value of ±5 × 10 −5 a.u. For both water [49] and carbon dioxide [50] we have demonstrated that even though the finite field method requires seven times more computations than using expectation values, the resulting DMS is more accurate. Calculations were performed using internally contracted MRCI in the full valence reference space comprising 8 electrons in 7 orbitals, with the aug-cc-pwCVQZ basis set. The same grid of 50 0 0 0 nuclear geometries used by Polyansky et al. [17] was employed, although only 10 782 points were computed successfully. The final fit included 9498 points that were reproduced with an unweighted rms error of 0.0 0 09 D. The Molpro 2012 package [51] was used for all calculations.
Line list calculations were performed at room temperature No intensity cut-off was used for either line list. Einstein-A coefficients were calculated using the program GAIN [53] which was developed as part of TROVE [29] . Our two line lists are provided in the ExoMol [54] format are available from the ExoMol website ( www.exomol.com ); details of NH 3 specific formatting are the same as for BYTe [11] . Fig. 3 displays the ratio of our predicted line intensities (DMS-B) to the experimental values ( I obs > 1 × 10 −24 cm −1 /(molecule cm −2 )) taken from HITRAN2016 for the 0-70 0 0 cm −1 region. Only results for DMS-B are shown, however, DMS-1 performed similarly. The majority of lines fall within ± 20% of experiment. The experimental uncertainty [4] varies substantially between different sources and we do not consider it here. Coloured in Fig. 3 are strong bands in the 630 0-70 0 0 cm −1 region, for which over 40 0 0 lines in HITRAN are unassigned. Corresponding I calc / I obs numerical values for the strongest lines assigned to each band are given in Table 5 .
We note that the 5700 − 6200 cm −1 region is completely missing from HITRAN. In this region we predict strong ab- calculated using DMS-1 and DMS-B, is temperature adjusted and compared with their works in Figs. 4 and 5 . Numerical comparisons between our calculated intensities and those of Vander Auwera and Vanfleteren [55] , for the strongest lines included in our assignments (detailed in Section 3.4 ), are also provided in Table 5 .
From Figs. 4 and 5 we see that qualitative agreement is good and the dominant spectral features are reproduced well by our calculations, although there is a notable reduction in line position accuracy beyond 80 0 0 cm −1 that could undoubtedly be improved with the availability of additional high energy assignments. Of the bands covered by our assignments, DMS-1 reproduces intensities band (see Table 5 ). In contrast, DMS-B reproduces the
band somewhat better, but consistently underestimates the ν 1 + ν 2 + ν 3 and ν 2 + ν 3 + 2 ν 4 bands. For this reason we chose to use DMS-1 for our assignments in Section 3.4 . We suspect that by employing a denser, more extensive grid of geometries in our fit, the underestimated intensities of DMS-1 will be resolved. This work is currently in progress, and we expect a refitted dipole moment surface to become available in the near future. However, in order to extend a similarly high level of accuracy above 80 0 0 cm −1 , higher quality wavefunctions will also be required. Beyond 10 400 cm −1 estimating the reliability of our line lists is difficult owing to the lack of data between the regions studied by Barton et al. [22] and Zobov et al. [23] . Errors on line positions may be tens of wavenumbers for bending and combination bands due to basis set convergence errors and lack of constraint during the refinement. For these reasons we do not advocate relying on our line list to guide high resolution spectroscopic studies above 12 0 0 0 cm −1 except for the 5 ν NH and 6 ν NH bands with low bending excitation. Our final recommendation for general use is DMS-B, or DMS-1 below 7800 cm −1 .
Assignment of the 740 0-80 0 0 cm −1 region
Our fits raised a number of issues with the assignments of Barton et al. [21] and our improved potential should facilitate line assignments in the near-infrared region. We therefore undertook a Our tolerance for accepting GSCD partners was ± 0.003 cm −1 , which was the same as used by Barton et al. [21] for their unblended assignments in this region. For line intensities, the ratio I obs / I calc for the GSCD partners were required to fall within 2/3 and 3/2 times the ratio of I obs / I calc for the manual assignment. This accounted for the variation in accuracy between different vibrational bands, in particular the underestimated ν 2 + 2 ν 2 3 band discussed in Section 3.3 . Tentative assignments were performed using the online assignment tool Spectropedia [56] . As a measure of confidence, each tentative assignment was placed into one of three categories based on its judged reliability. For the least reliable assignments (Flag C in Table 7 ), three additional GSCD partners were required for it to be considered validated. More reliable tentative assignments required either one or two additional GSCD partners (Flags A and B in Table 7 ), one being reserved only for strong, isolated lines. After applying these validation criteria only 284 of our 827 initial hand assignments were accepted into the final list. GSCD partners could be found for more transitions but these did not fulfil our minimum requirements to be retained.
Even despite stringent measures, the possibility of false partners must be considered. For weak lines with intensity I < 5.0 × 10 −24 cm −1 /(molecule cm −2 ), there is an average of 0.022 lines per 0.006 cm −1 interval. Assuming a Poisson distribution, this translates to roughly a 1 in 47 chance of such a match being false. This probability reduces significantly for medium and strong lines ( I > 5.0 × 10 −24 cm −1 /(molecule cm −2 )) that contribute ∼ 2/3 of our overall GSCD partners. For our assignments the overall standard deviation of our derived upper state energies is 0.0 0 09 cm −1 , and only in a few cases does the range of derived upper state energies within a GSCD set exceed 0.003 cm −1 . This, combined with the additional assurances provided by intensity comparisons, practically eliminates the possibility of fortuitous matches.
A summary of our final list of assignments is presented in Table 6 . The empirical upper state energy of each GSCD set was calculated by averaging the observed line positions plus the MAR-VEL lower state energies. In total we assigned rovibrational quanta for 769 transitions and upper state energies for 284 levels, spanning an estimated 11 vibrational bands. Vibrational labels are taken from the leading coefficient basis set contributor in our variational calculation, which were as low as 0.22 for some bands listed in Table 6 , and indeed (0.08) lower for the 2 ν 1 + ν 2 band which was highly mixed. Rotationally excited states may also possess significantly smaller leading coefficients. Thus, all vibrational labelling should be viewed as tentative. Fig. 7 compares the energies calculated using our new PES to those empirically derived from our assignments. Residuals are seen to have a systematic dependence on rotational quanta, although this is partly obscured by mixing between states in the ν 1 + ν 2 + ν 1 3 and ν 1 + ν 2 + 2 ν 0 Fig. 6 . Sample combination difference pair that were reassigned during our analysis. Lines convoluted with a gaussian profile HWHM = 0.06. cies in the NH3-C2018 PES, further reassures us of the reliability of our assignments. There is significant overlap between our work and that of Barton et al. [21] who previously assigned 230 of the lines in our current analysis. 177 of these, all assigned by combination difference (CD) bar one, agree with our assignments in at least J and total symmetry, and so we consider these assignments validated. The 53 that disagree consist of 9 unblended CD lines, 17 blended CD lines, and 27 assigned using the method of branches [24] . The method of branches allows for small systematic differences between theory and experiment within a vibrational band with increasing J . However, it fails if this dependency is large and there are gaps in experimental values which act as predictors. Therefore occasional misassignments are not surprising. For the 9 disagreeing CD states, 7 were previously assigned to the ν 1 + ν 2 + 2 ν 2 4 band for which BYTe reproduces the Kitt Peak spectral features particularly poorly. Fig. 6 shows absorption cross-sections of a sample CD pair that were reassigned during our analysis, in this case the experimental line at 7612.6690 cm −1 (cross) was reassigned
(filled circle), and its partner line at 7553.0483 (cross) was re-
Here, our notation corresponds to tot ( J, K ) s / a . For the purposes of Fig. 6 lines are convoluted with a Gaussian profile, HWHM = 0.06 cm −1 . A complete list of conflicts and agreements is included with our list of assignments in the supplementary material. Whilst our assignments account for only 47.5% of the summed intensity for this region, our aim was not complete assignment. Rather, to demonstrate the predictive power of our line list in this newly charted region, and extract a reliable list of energies that can be used to refine future ab initio calculations. We expect our line list to also be useful for assignments up to 10 400 cm −1 , although we have made no attempt to do so here. 1.122 Fig. 7 . Agreement between energy levels derived from our assignments and the values predicted using NH3-C2018 for 6 vibrational bands.
Conclusion
We present an improved potential energy surface for 14 NH 3 , produced by empirical refinement of a high accuracy ab initio PES [17] to experimentally derived energy levels [21, 35] , and a number of our own assignments. The resulting rovibrational energy levels reproduce the MARVEL experimentally derived values for states with J = 0 − 10 with an rms deviation of 0.10 cm −1 under 6400 cm −1 , and 0.28 cm −1 between 6400 and 7555 cm −1 , although the reliability of some higher energy MARVEL states is uncertain.
Using a well established DMS [48] , a new DMS currently under construction, and our own NH3-C2018 potential energy surface, room temperature line list calculations were performed for transitions between states with J = 0 − 20 , in the frequency ranges 0-20 0 0 0 cm −1 , and 0-12 0 0 0 cm −1 respectively. Several strong bands in the 570 0-620 0 cm −1 were noted missing from HI-TRAN2016.
Our line lists were used to assign 769 transitions in the 7400-80 0 0 cm −1 frequency range using ground state combination differences, and derive 284 upper state energies. Of our assignments, 230 lines were previously assigned [21] , out of which we found 53 disagreed in at least one 'good' quantum number. Our use of stricter validation criteria and higher accuracy line lists suggests that a handful of the previous assignments were incorrect. We hope that future analysis above 80 0 0 cm −1 can validate the current assignments, and in turn inform future ab initio calculations. In this context we note the recent use of our NH 3 line list by Irwin et al. [57] to study ammonia spectra in Jupiter at near-infrared and visible wavelengths. Their comparisons suggest that the line list represents a significant improvement on what is currently available but that further work is need to improve the predicted frequencies at shorter wavelengths.
Our next aim is to use our PES in conjunction with DMS-B [48] to compute a hot line list for the frequency range 0-12 0 0 0 cm −1 suitable for use up to 1500 K. In order to achieve greater than 99% convergence of the partition function, our lower state energy threshold will necessarily be extended to 11 0 0 0 cm −1 , and our rotational excitations to at least J = 42 . The resulting line list is to be included in the ExoMol database [54] . 
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